In addition to its metal-insulator transition (MIT), VO 2 exhibits a rich phase behavior of insulating monoclinic (M1,M2) and triclinic (T) phases. By using micro-Raman spectroscopy and independent control of temperature and uniaxial strain in individual single-crystal microbeams, we map these insulating phases with their associated structural changes as represented by their respective phonon frequencies. The competition between these structural forms is dictated by the internal strain due to differing lattice constants, the experimentally applied external strain, and the temperature-dependent phase stability. We identify the nature of the triclinic phase as a continuously distorted variant of the M1 monoclinic phase, while a discontinuous transition into the M2 phase occurs from both the M1 and T phases. The results suggest that understanding the driving forces that determine the interplay between M1, M2, and T phases near the MIT could be critical for the identification of the underlying mechanism behind the MIT itself. Vanadium dioxide has been one of the most widely studied transition-metal oxides that exhibit a metal-insulator transition (MIT) due to its experimentally easily accessible transition temperature of ∼341 K.
Vanadium dioxide has been one of the most widely studied transition-metal oxides that exhibit a metal-insulator transition (MIT) due to its experimentally easily accessible transition temperature of ∼341 K. 1, 2 The mechanism of the MIT is still widely debated, with the complexity of the problem related to the associated structural lattice changes 3, 4 and both Peierls and Mott signatures appearing during the transition. [5] [6] [7] [8] Interestingly, VO 2 is distinct from many other MIT materials due to the presence of several competing insulating phases, with their phase boundaries in a narrow temperature and strain range close to the MIT. 9 These insulating phases have similar free energies and can readily be controlled by doping or strain. [10] [11] [12] However, the insulating phases and their phase competition have received little attention despite evidence that they lead to different structural pathways for the MIT. [13] [14] [15] Previously, the various phases have been difficult to access experimentally in a systematic way, in part due to a lack of reproducibility in crystal growth, 16 phase reversibility, and strain control. Strain and changes in lattice constants between the phases also lead to domain formation, phase separation, and coupling in polycrystalline thin films, 17 and cracking or degradation in bulk crystals on cycling through the MIT. 18 In addition, the insulating phases can be difficult to distinguish in electrical transport and x-ray diffraction (XRD) measurements. 19, 20 Here, we independently control uniaxial strain and temperature in order to investigate their influence on the crystallographic phases in freestanding VO 2 microcrystals. These microcrystals, typically in the form of beams 21 with a small rectangular cross section, can withstand high elastic strain without deformation or degradation. 22 By using phononRaman microspectroscopy to identify the crystal lattice structure, we resolve the monoclinic M1, monoclinic M2, and triclinic T insulating phases and their transitions induced by temperature or strain. The triclinic phase is found to emerge as an intermediate structure close to room temperature from a continuous distortion of the M1 lattice. The M2 phase, by contrast, shows a discontinuous transition in lattice organization when emerging from either the M1 or the T phase.
For the experiments, single-crystal VO 2 microbeams are grown on an oxidized silicon substrate by vapor phase transport, as described previously. 21 Suitable crystals with lengths greater than 60 μm and widths larger than 2 μm are transferred onto a flexible polycarbonate substrate (thickness 0.8 mm, width 5 mm, length 20 mm) and glued at both of their ends with silver epoxy [ Fig. 1(a) ]. A resistive heater and thermocouple are also attached to the substrate for temperature control within ±0.5 K. These devices are then mounted into a micrometer-controlled stage to exert tensile or compressive uniaxial strain on the beams along the c R crystallographic direction by buckling the substrate [ Fig. 1(a) ]. With a typical beam width >2 μm and beam thickness 1 μm, substantially less than the thickness of the substrate, we ensure effectively uniform stress across the cross section of the rod.
Raman spectra are measured using a home-built microRaman system in epi-illumination and detection geometry. HeNe laser light (λ = 632.8 nm) is focused with an objective [Olympus LMPlanFl N, 0.8 numerical aperture], with a total power at the sample 0.01 mW to minimize heating effects (fluence < 1.3 kW/cm 2 ). The Raman scattered light is spectrally filtered with a 160 cm −1 cutoff filter and detected with a spectrometer and N 2 (l)-cooled CCD with 1 cm −1 resolution (Princeton Instruments and Acton Research). The incident light is polarized along the microbeam (c R ) in order to maximize the signal, with unpolarized detection, yielding a superposition of the A g and B g modes. 23 Figure 1(b) shows representative spectra for the monoclinic M1, monoclinic M2, and triclinic T insulating phases. Our measured M1 spectrum is consistent with previous measurements on bulk and microcrystalline VO 2 , 13 with the Raman-active modes predicted by its space group C by the blueshift of the dominant 610 cm −1 phonon frequency (denoted ω O ) and the associated intensity decrease and a slight spectral shift of the 189 cm −1 mode (ω V1 ). To the best of our knowledge, the triclinic phase has not been extensively studied in the literature, but has been identified in Raman spectroscopic measurements through the splitting of the ω O phonon. 11 Using isotope substitution and density functional theory calculations, it has been established that the two low-frequency phonons (ω V1 and ω V2 ) correspond to V-V lattice motion, and all other distinguishable peaks relate to V-O bonding. 11 Figure 2(a) shows the evolution in Raman spectra with increasing tensile strain at room temperature. The strain (%) imposed on the VO 2 beam can be estimated from
with the horizontal distance between the two lever points L, the thickness of the polymer substrate d, the position of the microbeam with respect to the center of the substrate x 0 , and its vertical displacement at its center z 0 [ Fig. 1(a) ].
For beams under compressive strain or weak tensile strain (<1%), the Raman spectra display the characteristic M1 modes. As the tensile strain increases, a small redshift of ω O occurs, accompanied by the emergence of an additional peak of lower frequency. The two peaks continue to split and shift until, at a critical strain value, there is an abrupt transition into the M2 phase, and the lower-frequency ω O peak disappears.
The frequency shifts of the Raman modes with increasing strain, as extracted from Lorentzian line fits, are shown in Fig. 2(b) . In addition to the pronounced change in the ω O peak position, the lower-frequency Raman modes, with the exception of the ∼340 cm −1 mode, also experience frequency shifts, with the 310 and 394 cm −1 V-O phonons softening and the low-frequency V-V phonons hardening. This phonon behavior is characteristic of the structural properties of the triclinic phase, and is distinct from simple strain effects on the monoclinic lattice. The observed phase behavior was reproducible across several microbeam samples with varying lengths and widths. However, the applied strain at which the T and M2 phases appeared varied by ±1%, due to a range of external strain offsets that arise from the gluing procedure of the VO 2 beams onto the substrate. To account for this variable offset, we have renormalized the strain variations against previous results for relative consistency. 27 We also note that the glue is of limited rigidity, particularly at high temperatures, leading to strain relaxation over repeated measurements and limiting reproducibility [e.g., Fig. 2(c) , demonstrating the instability at the T-M2 transition].
Based on the spectral position of ω O as a fingerprint for the three different phases, we map their strain-temperature phase diagram as shown in Fig. 3(a) . For temperatures below ∼305 K, we observe a M1-T-M2 structural transition with increasing tensile strain, with the T phase appearing for a wide range of strain values. Above ∼305 K, the T phase vanishes and an abrupt M1-M2 transition occurs [ Fig. 3(b) ]. Because of the strain relaxation mentioned above at high temperatures, we are not able to extend the measurements up to the MIT. Qualitatively the metallic phase was determined through the change in reflectivity of the VO 2 beam as shown by the solid black phase boundary. We confirm the expected increase in MIT temperature at high tensile strain. Under compressive strain, we found that the microbeams remain in the M1 phase up to the MIT, which occurs at lower temperatures for higher compressive strain (not shown). As expected, because of the weak substrate interactions and uniaxial strain, no domain formation is observed. 13 Instead, the metallic phase nucleates at one end of the beam and only one phase boundary is seen moving across the beam through the phase transition.
The existence of several insulating phases was first observed in doped VO 2 bulk material soon after the discovery of the MIT. Subsequently the two monoclinic structures M1 and M2, and triclinic T phase 10, 28 (sometimes termed M3 in the literature 11, 29 ) were identified. In the M1 phase, the vanadium atoms are paired and tilted, forming zigzag chains along the c R axis. In contrast, the M2 phase has two distinct sublattices of V atoms: In sublattice A the vanadium atoms are paired along the c R axis but not tilted, and in sublattice B they are tilted perpendicular to the c R axis but unpaired 29, 30 [see Figs. 4(a) and 4(b)]. Through a combination of nuclear magnetic resonance, electron paramagnetic resonance, and XRD measurements, 10,11 the triclinic phase was found to be an intermediate phase where a progressive distinction between the two vanadium sublattices occurs, with depairing in one of the vanadium chains accompanying untilting in the other.
Previous estimates on the extent of the T phase, based on extrapolations of limited data close to the M1-T and T-M2 phase boundaries, disagreed as to whether a T-R transition is possible. 29 Our direct measurement of the extent of the T phase and observations of a M1-M2 transition clarifies that there is no T-R boundary. Our M1-M2 phase boundary is in good agreement with previous measurements using scanning electron microscopy (SEM) characterization. 27 The phase boundary we determine for the onset of the M2 phase from either T or M1 has a slope comparable to these SEM results.
The abrupt M1-M2 and T-M2 transitions may be an unexpected observation as the M1 and T phases can be viewed as superpositions of two M2-type lattice distortions. 26, 31 Initially, the dimerization in only one sublattice of the M2 phase led to the suggestion of an electron-correlation contribution to the band-gap opening via a Mott-Hubbard process. 12 Furthermore, since the T phase can substantially reduce the M1-M2 discontinuity and produce an almost-continuous transition between the M1 and M2 phases, it was concluded that the M1 and T phases were also of Mott-Hubbard character, 31 in spite of the nonmagnetic properties of the M1 phase. More recent work, however, suggests that a band-theoretical approach can describe the insulating properties of both the M1 and M2 phases, provided that the antiferromagnetic nature of the M2 phase is considered. 32 Conversely, it has been noted that the decrease in the MIT temperature with compressive strain is inconsistent with a band-theory description, since compression along the rutile c R axis increases the splitting between the bonding and antibonding states and therefore should drive the system further into the insulating phase. 33 
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Our results demonstrate that different structural pathways into the metallic R phase are possible, with M1-R, M1-T-M2-R, and M1-M2-R transitions occurring for various combinations of strain and temperature. This confirms previous observations of a M2-R transition under high tensile strain. 13, 27 These results raise interesting questions about whether the mechanism for the MIT is universal or is different depending on whether the insulating phase is M1 or M2. The observation of a threshold resistivity for triggering the MIT in microbeams, 34, 35 regardless of strain and temperature conditions, hints that the M2 phase could be a universal transitional phase. Measurements on overhanging beams with no direct substrate interactions have occasionally but inconsistently indicated a brief, transient M2 phase immediately before the metallic transition, and we cannot exclude the possibility that a narrow region of the M2 phase exists along the rutile boundary regardless of strain.
In summary, we have observed that the triclinic and M2 phases occur over a wide range of strain in individual, homogeneous VO 2 microbeams subjected to external uniaxial strain. The presence of these phases is significant as it indicates that the common assumption of a direct transition from M1-R will not always apply, and a complex interplay of insulating phases may occur depending on the interaction between VO 2 and the substrate, including clamping, lattice mismatch, and anisotropic strain, as well as lateral crystallite interactions in thin films. Single-crystalline microcrystals are ideal for studying the influence of strain because of the lack of extrinsic crystallite interactions. Further study of well-controlled samples is necessary in order to determine the structurally driven versus electronic-driven contributions to the MIT, in the absence of complicating insulating phases. In particular, ultrafast time-resolved dynamics investigations with the samples initially in one of the different insulating structures may determine the intrinsic electronic contributions and clarify the importance of the M2 phase to the MIT.
